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ABSTRACT
Previous work has demonstrated orbital stability for 100 Myr of initially near-circular and
coplanar small bodies in a region termed the ‘Earth–Mars belt’ from 1.08 au < 𝑎 < 1.28 au.
Via numerical integration of 3000 particles, we studied orbits from 1.04–1.30 au for the age
of the Solar system. We show that on this time scale, except for a few locations where mean-
motion resonances with Earth affect stability, only a narrower ‘Earth–Mars belt’ covering
𝑎 ∼ (1.09, 1.17) au, 𝑒 < 0.04, and 𝐼 < 1◦ has over half of the initial orbits survive for 4.5 Gyr.
In addition to mean-motion resonances, we are able to see how the 𝜈3, 𝜈4, and 𝜈6 secular
resonances contribute to long-term instability in the outer (1.17–1.30 au) region on Gyr time
scales. We show that all of the (rather small) near-Earth objects (NEOs) in or close to the
Earth–Mars belt appear to be consistent with recently arrived transient objects by comparing
to a NEO steady-state model. Given the < 200 m scale of these NEOs, we estimated the
Yarkovsky drift rates in semimajor axis, and use these to estimate that primordial asteroids
with a diameter of 100 km or larger in the Earth-Mars belt would likely survive. We conclude
that only a few 100-km sized asteroids could have been present in the belt’s region at the end
of the terrestrial planet formation.
Key words: celestial mechanics – asteroids: general – Solar System: formation
1 INTRODUCTION
The Solar System’s small bodies are often regarded as more prim-
itive relics dating back to early stages of the Solar System. Their
current orbital distribution sheds light on planetesimal/planet for-
mation, if the objects are still located in their primordial location.
It is thus necessary to diagnose which dynamical niches have a
large-enough phase-space volume to make survival of primordial
populations residing at those locations ∼4 Gyr ago feasible. Such
stability is clearly necessary for primordial retention, but there may
be regions of such stability which are not currently populated; such
empty niches then demand that early dynamical processes emptied
them of large bodies.
The two major minor-body belts in the Solar System are the
main asteroid belt and the Kuiper belt. The main part of the asteroid
belt (with semimajor axes 𝑎 ' 2–3 au) is sufficiently far from
the neighbouring planets that eccentricities must reach 𝑒 = 0.2–0.4
before planet crossing withMars or Jupiter occurs. After the planets
reached their current orbits, many asteroids were still present in
this region and subsequent dynamical erosion has not reduced the
population by more than a factor of a few (Morbidelli et al. 2015),
althoughmass is moving steadily to smaller mass bins by collisional
activity.
The large icy-body reservoir of the Kuiper belt is bounded
on the inside by Neptune’s ability to rapidly remove objects with
perihelia 𝑞 below about 35 au (except for some resonant objects
who can even have 𝑞 < 30 au due to the dynamical protection
provided by the resonance (Gladman et al. 2012)). The outer edge
of the heavily populated belt is not set by a planet crossing limit,
but rather by poorly understood cosmogonic processes. Low-𝑒 and
low-𝑖 orbits are stable to great distances.
Although they are not ‘belts’ covering a large range of semi-
major axes, the jovian and neptunian Trojans provide two more
abundant populations of small bodies that are stable on Solar Sys-
tem time scales. It should be noted that theNeptune’s Trojans consist
of a mix of objects which are primordial (with stability time scale
>∼ 4 Gyr) and a set which is most likely recent temporary captures
out of the scattering/Centaur population (Alexandersen et al. 2016).
That is, some unstable small bodies are able to temporarily ‘stick’
to resonant niches and provide a non-primordial component. Esti-
mated numbers (factor of 2) of absolute magnitude 𝐻 < 9 objects
in the asteroid main belt, jovian Trojan, neptunian Trojan, and main
Kuiper belt are 300, 30, 100, and 100,000, respectively (Alexander-
sen et al. 2016; Petit et al. 2011).
In addition to these stable populations, the planet-crossing
near-Earth Object (NEO) and Centaur populations have dynami-
cal lifetimes much shorter than the age of the Solar System, and
thus must be resupplied from more stable structures. The NEOs are
predominantly replenished by leakage from the main asteroid belt,
which provides the known orbital and absolute magnitude distri-
bution (Bottke et al. 2002; Greenstreet et al. 2012; Granvik et al.
2018), while the Centaurs are likely dominantly supplied from the
trans-neptunian scattering disk (Volk & Malhotra 2008).
© 2020 The Authors
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1.1 Hypothetical long-lived regions
In addition to the regions which are dynamically stable for 4.5
Gyr and are known to host small-body populations, there are a few
dynamical niches that numerical studies have shown to be stable
for the age of the Solar System but which have no known members
with demonstrated 4 Gyr stability.
The first such established case is for the ‘Uranus–Neptune’ belt
near 26 au. Gladman & Duncan (1990) demonstrated some stable
orbits for their 22.5 Myr maximum integration time, which Holman
& Wisdom (1993) pushed to 800 Myr and demonstrated continued
survival for this time. Holman (1997) extended the integration time
to 4.5 Gyr, and found 0.3% of initially near-circular and near-planar
orbits between the orbits of Uranus and Neptune (24-27 au) survive
for the age of the Solar System. There are still no known bodies
discovered in the stable region (despite great sensitivity to them in
trans-neptunian surveys), and Holman (1997) and Brunini &Melita
(1998) argue that by the end of giant planet formation, it is likely
that no bodies would remain at low 𝑒 and 𝑖 in this region.
Based on numerical integrations of hypothetical Earth Trojan
asteroids, Tabachnik & Evans (2000) demonstrated 50 Myr orbital
stability of these objects and speculated by extrapolation of the decay
rate that some orbits could survive for the age of the Solar system.
Earth co-orbitals in horseshoe orbits (that is, not librating around a
single Lagrange point like Trojans, but instead encompassing three
points) have even longer stability time (∼Gyr) than Earth Trojans
have (Ćuk et al. 2012). It may thus bemore likely to find a primordial
Earth horseshoe (Zhou et al. 2019), but all known Earth co-orbitals
(of any type) have much shorter dynamical lifespans than the Solar
System’s age (see references listed in Greenstreet et al. (2020)).
Recently, Zhou et al. (2019) concluded that the dynamical erosion
over 4 Gyr, especially when accounting for Yarkovsky drift, would
eliminate a population of sub-km primordial Earth co-orbitals sur-
viving to the present day, but that km-sized could survive. Direct
observational searches by Cambioni et al. (2018) and Markwardt
et al. (2020) provided no Trojan detections down to sizes of a few
hundred meters, leading to the conclusion that it is unlikely that
any Earth Trojans still exist. Thus, simply demonstrating that the
dynamics permit a portion of phase space to be stable does not
imply that a population currently exists; again, the perturbations
inherent in planet formation likely resulted in no large stable Earth
co-orbitals being present at the end of planet formation. The only
temporary Earth Trojan 2011 TK7 (Connors et al. 2011) is dy-
namically unstable and not consistent with a primordial origin. The
known co-orbitals of the Earth are best explained as temporarily
trapped near-Earth asteroids (Morais & Morbidelli 2002).
Inside Mercury’s orbit, the hypothesized population of small
bodies, known as the Vulcanoids, was first proposed by Weiden-
schilling (1978). Evans & Tabachnik (1999) numerically studied
the stability of the intra-mercurial region and found that the dynam-
ical niche where Vulcanoids may exist is from 0.09 au to 0.21 au.
However, accounting for Vulcanoid evolution under the Yarkovsky
thermal force shows that objects with the diameter <1 km would
be removed over the age of the Solar System (Vokrouhlický et al.
2000). Collins (2020) calculated that even 100 km sized Vulcanoids
could rotationally fission in less than the Solar System’s age. A re-
cent search for Vulcanoids with NASA’s STEREO spacecraft (Steffl
et al. 2013) returned no detection, and thus the existence of Vul-
canoids larger than 5.7 km in diameter was ruled out (3𝜎 upper
limit).
1.2 An Earth–Mars Belt?
Evans & Tabachnik (1999) mapped stable orbits in both the Vul-
canoid region and a hypothetical belt between Earth and Mars (1.08
au < 𝑎 < 1.28 au). They investigated the structure of those two belts
in greater detail, exploring the role of mean-motion resonances with
terrestrial planets, as well as the 𝜈6 and 𝜈16 secular resonances, in
sculpting the belts (Evans & Tabachnik 2002).
The most obvious limitation of the Evans & Tabachnik (1999,
2002) study is the short integration timescale. Their simulations
only ran for 100 Myr (2% of 4.5 Gyr), which posed an interesting
question: Could the hypothetical Earth–Mars belt survive for the
age of the solar system? To our knowledge, no study has further
investigated the orbital stability of this inconspicuous region. If
the answer to this question is yes, one would immediately want to
determine if there is still a primordial asteroid alive in the Earth–
Mars belt? A sample return from such a primordial planetesimal
would give unique insights into planetesimal accretion in the inner
Solar System.
In contrast, if no primordial asteroid is found in this stable
region (despite the fact that the corresponding area of sky has been
extensively and consistently covered by various NEO and asteroid
surveys), this implies that the belt is sparsely populated at the end
of terrestrial planet formation. The survival fraction from the dy-
namical simulations then provides a required upper limit on the
population of large objects that planet-formation simulations can
leave in the region once they form the terrestrial planets on their
current orbits.
2 NUMERICAL RESULTS AND ANALYSIS
We performed a detailed 4.5 Gyr numerical simulation, encom-
passing the Earth-Mars belt region using the rmvs4 package of
SWIFT (Levison & Duncan 1994). The initial orbital elements of
3000 test particles were randomly generated in near-circular and
near-coplanar orbits, drawn at random between 𝑎 ∼ (1.04, 1.3) au,
𝑒 ∼ (0, 0.04), J2000 ecliptic inclination 𝐼 ∼ (0, 1◦), and with ran-
dom phase angles. The simulation were run for 4.5 Gyr with a time
step of 0.01 yr. The gravitational effects of 7 planets, excluding
Mercury, were taken into account. Another parallel simulation, in
which Mercury was included, was run for 1 Gyr to verify our re-
sults and we found no statistically significant difference between the
two simulations; Mercury thus has no significant influence on the
stability of the fictitious Earth–Mars belt and was excluded in our
main 4.5 Gyr simulation. Test particles were removed from the sim-
ulation upon approaching within 0.01 au of a planet (for Earth, this
corresponds to its Hill sphere). Although an inner and outer bound
(of the solar radius and 5.2 au, respectively) existed, no particles
reached this state before a planetary encounter.
Over the entire initial semimajor axis range, 679/3000 (22.6%)
of the test particles survive for the age of the Solar System; the final
states of the surviving particles are shown in Figure 1. The (𝑎, 𝑒)
and (𝑎, 𝐼) distributions are plotted in the first two panels; the third
panel gives histograms of initial and final numbers and their ratio for
each semimajor bin. We inspected the integrations and found that
semimajor axis changes Δ𝑎 for surviving particles are very rarely
exceed the bin width of 0.002 au, and thus the ratio is very close
to the survival fraction for the initial bin. (The number per initial
bin is non-uniform because the initial 𝑎 was chosen randomly).
Based on these results, we chose to divide the semimajor range into
three different regions: A strongly unstable region (𝑎 > 1.17 au), the
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Figure 1. The vertical dashed lines mark all first-order resonances with Earth (blue) and Venus (orange), as well as the 3:2 with Mars (red) and the second-order
7:9 resonance with Earth. Top two panels: (𝑎, 𝑒) and (𝑎, 𝐼 ) distributions of all surviving test particles at the end of the 4.5 Gyr integration time. The green
rectangles represent the ranges of initial orbital elements, within which the initial (𝑎, 𝑒, 𝐼 ) were randomly generated. The top left and the top right corners of
the first panel are covered by two red bands, showing the orbital intersecting bands (see text) related to Earth’s aphelion and martian perihelion. The 𝑎 range
over which secular resonances result in broad instability is indicated. The span of Earth-Mars belt, that we define in the text, is from 1.09 au to 1.17 au and is
shown in the middle panel. Bottom panel: The semimajor axis histogram of all test particles at the start (light grey bins) and surviving ones at the end (dark
grey bins). The initial to final ratio for each bin is shown with the grey lines.
resonance region (𝑎 < 1.09 au), and the main Earth-Mars belt (1.09
au < 𝑎 < 1.17 au). The final/initial fractions are 36/1476 (2.4%) for
the unstable region, 102/587 (17.4%) for the resonance region, and
541/916 (59.1%) for the Earth-Mars belt. We note that nearly 80%
of the survivors reside in the belt.
As pointed out by Evans & Tabachnik (1999), the Earth–Mars
belt is sculpted by various mean-motion and secular resonances.
We carry out the analysis on the role of these resonances in greater
detail. A 𝑘 ′ : 𝑘 mean motion resonance with a planet occurs when
𝑘𝑛 − 𝑘 ′𝑛′ ≈ 0, where 𝑛 and 𝑛′ are the mean motion frequencies
of the asteroid and the planet, respectively. |𝑘 ′ − 𝑘 | is defined as
the order of the resonance, and the exact resonant location can be
obtained by applying 𝑎 = 𝑎′ (𝑘/𝑘 ′) 23 . First order resonances with
the three terrestrial planets, as well as a second order resonance with
Earth (7:9), are plotted and colour-coded in Figure 1.
Although the Earth’s semimajor axis is almost unchanging
during the whole integration, secular perturbations provided by
other planets constantly alter its eccentricity. We filtered Earth’s
orbital eccentricity history, and found that Earth’s 𝑒 spends 90%
of the time fluctuating between 0.007 and 0.049. The two red solid
curves on the top left panel indicates 𝑎⊕ (1+ 𝑒⊕) = 𝑎(1− 𝑒), where
𝑒⊕ denotes the 90% range of Earth’s eccentricity. Likewise, the
Martian intersecting band is 𝑎♂ (1 − 𝑒♂) = 𝑎(1 + 𝑒), where the
90% range of its eccentricity is (0.018, 0.089).
In the resonance region (𝑎 < 1.09 au), the integration shows
that asteroid orbits intersect with Earth’s due to proximity, and thus
require protection. For a circular orbit for Earth, we first note that for
initial 𝑎 < 1+2.4(𝑚⊕/𝑀)1/3 = 1.035 au, test particles that begin
with 𝑒 ' 0 will be in the ‘crossing zone’ and have Earth encoun-
ters (Gladman 1993). First-order mean-motion resonance overlap
generates dynamical chaos (but not necessarily planet-crossing) out
to 1 + 1.5(𝑚⊕/𝑀)2/7 = 1.040 au (Wisdom 1980; Duncan et al.
1989). Our calculations show that out to 1.09 au, the inner border of
the Earth–Mars belt is perpetually swept by the Earth-intersecting
band as Earth’s eccentricity varies, and only particles trapped in
the (now non-overlapping) mean-motion resonances survive. These
resonant particles are phase protected from close encounters with
the planet, allowing long-term stability near the resonant semimajor
axes. As the histogram shows, the resonant locations (vertical lines)
with 𝑎 <1.09 au coincide with clusters of stable particles. This
kind of resonance protection (with particle perihelia smaller than a
planet’s aphelion) are commonly found in the resonant transneptu-
nian population, which is a major component of the Kuiper Belt in
the outer Solar System (e.g., Bannister et al. 2018).
Figure 2 provides the time history of particle removal. Each test
particle removal is colour-coded by its initial semimajor axis. The
early removal of particles in the vicinity of Earth (the resonance
region) occurs before 1 Myr, which indicates a rapid excitation
from Earth scattering. Between 10 Myr and 1 Gyr, most of the
particles removed by Earth are coming from the Earth–Mars belt;
they need only small 𝑒 increases (Fig. 1) to cross Earth’s orbit. By
the simulation’s end, only sporadic removals are occurring, again
mostly from the Earth–Mars belt region but equally shared between
the two planets.
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Figure 2. The removal history of test particles over 4.5 Gyr. The black solid
curve gives the cumulative number of test particles removed as a function
of time. The number of particles removed by Earth and Mars are separately
shown via coloured dots, linked to their initial semimajor axes. The top red
line represents the total number of integrated test particles.
The unstable region beyond 1.17 au, on the other hand, tells
another story. The vast majority of test particles from this region are
removed byMars in the period of 1Myr to 100Myr, implying secular
effects are likely involved in a long-term destabilization process.
Evans & Tabachnik (2002) suggested that two secular resonances,
the 𝜈6 and 𝜈16, may lead to instability across the unstable region.
Their claim was based on a calculation of the location of linear
secular resonances by Michel & Froeschlé (1997), in which those
authors show the presence of 𝜈6 and 𝜈16 resonances around 1.2 au
for near-planar orbits with 𝑒 = 0.1. However, no analysis of resonant
angles was performed to explicitly identify those resonances.
Our main 4.5 Gyr integration used a 10,000 yr output interval
which provided insufficient time sampling for a detailed view of
resonance arguments. We thus examined the secular behaviour by
carrying out another numerical simulation of 131 initially near-
circular and planar orbits covering the unstable region from 1.17–
1.30 au. These orbitswere integrated for 10Myrwith a denser output
interval of 200 yr, enabling us to check both the short-term and the
long-term dynamical effects that could contribute to the instability.
Upon carefully examining the orbital history of these test particles,
we find that not only 𝜈6, but also 𝜈3 and 𝜈4 help drive up particle
eccentricities, causing orbital intersection and then encounters with
either Earth or Mars. The 𝜈3 and 𝜈4 resonances were located semi-
analytically by Michel & Froeschlé (1997) at these semimajor axes,
but at inclinations of ' 8◦; our test particles rarely became inclined
to the Earth by more than 4 degrees. Note that the third and the
fourth Solar System eigenfrequencies (𝑔3 and 𝑔4) are nearly equal
and thus the 𝜈3 and the 𝜈4 locations are always close in orbital
parameter space.
Inspection of the resonant angles (e.g., 𝜛 − 𝑔3𝑡) showed non-
circulation at time intervals where eccentricities were rising. This
occurred at inclinations of only a few degrees in the unstable zone,
thus indicating that the semi-analytical method slightly miscalcu-
lates the resonant locations. This method assumed circular, coplanar
planetary orbits and that particle 𝑒 and 𝑖 do not change over a secular
cycle; both these approximations are not strictly true and thus one
expects the resonance locations to not be perfectly predicted. This
explains why we uncover the role of 𝜈3 and 𝜈4, which were not
identified by Evans & Tabachnik (2002).
In amore detailed examination, we noticed that the eccentricity
rise for particles at the inner edge of the unstable zone (closer to 1.17
au) have faster precession driven by Earth’s proximity which pro-
duces a match to the faster 𝑔6 frequency. We observed that particles
with semimajor axes closer to 1.3 au were those whose eccentricity
rise was related to the slower 𝜈3 and 𝜈4. This is reasonable, as a
minor body further from a gravitational perturber tends to precess
slower. The dominance of 𝜈6 near 1.2 au and 𝜈3/𝜈4 further out is
clear in our integrations, although the orbital evolutions are ‘messy’
with many dynamical effects operating simultaneously; for this rea-
son we have simply labeled Figure 1’s upper panel as being affected
by ‘secular resonances’ in this unstable region.
Two clusters of surviving particles in the unstable region are
seen in Figure 1, at the locations of the 7:9 and 3:4 mean-motion
resonances with Earth. However, upon careful examination of the
relevant resonant arguments, we find that these test particles are not
currently inside (librating in) these two mean motion resonances;
the clusters are actually just beyond resonance’s borders. The orbital
histories reveal these particles that are near mean-motion resonance
are precessing at (an expected) faster perihelion precession rate,
resulting in them staying safely away from the highest eigenfre-
quency, 𝑔6. On the other hand, particles initially librating in these
resonances are found to become unstable over 4.5 Gyr.
Let us now focus on the main structure of the Earth–Mars belt
(1.09 au < 𝑎 < 1.17 au). Statistically speaking, near 60% of test
particles in this region survive for 4.5 Gyr, leaving a metastable
belt just exterior to the ‘resonant region’. The two biggest features
in the Earth-Mars belt are related to major first-order mean-motion
resonances (the venusian 1:2, the Earth’s 4:5, and the martian 3:2)
which, as Evans & Tabachnik (2002) previously pointed out, cor-
respond to semimajor axes with unstable orbits. The locations of
the latter two are coincidentally close to each other, likely leading
to overlap. Resonance overlap is unlikely an important factor in the
venusian 1:2 case; this powerful resonance need only increase 𝑒 to
' 0.1 to cause instability because the venusian resonance provides
no phase protection against Earth encounters.
The other first-order resonances in the belt (the 5:6, 6:7, and
7:8 with Earth), on the other hand, do not appear to strongly desta-
bilize those semimajor axes in the Earth–Mars belt. Although a dip
corresponding to the location of the 5:6 resonance is shown on the
plot, we think it is likely a statistical fluke, with only ∼10 test parti-
cles initially present in that bin. Hence, we conclude that these three
resonances are not a major influence on the belt.
3 THE NEARBY NEO POPULATION
We have demonstrated that, considering only gravitational forces, a
primordial Earth–Mars belt from 𝑎 =1.09–1.17 au will retain ≈60%
of its population until the present day. Thus, should any asteroids
be identified in this 𝑎 range with 𝑒 < 0.04 and 𝑖 < 1◦, they could
in principle be primordial. We examined the current JPL Small-
Body Database1, and as of the time of writing, no minor planets
exist with orbits in this region. However, there are minor planets
close to this region, and in this section we discuss the context of
NEOs near the Earth–Mars belt, establishing that these NEOs are
1 JPL Small-Body Database (https://ssd.jpl.nasa.gov/sbdb_
query.cgi), retrieved in November, 2019.
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Figure 3. The (𝑎, 𝑒) and (𝑎, 𝐼 ) distributions of all NEOs surrounding our
interested Earth–Mars belt. Each object is colour-coded by its dynamical
lifetime and plotted with the diameter roughly estimated by its H magni-
tude; the largest circle represents a ∼150 m asteroid and the smallest a ∼2
m one. White crosses mark four NEOs whose stability lifetime exceeds
10 Myr. Our boundaries of the stable belt are shown with rectangular out-
lines. Dashed vertical lines mark three important mean-motion resonances
that affect belt stability (Fig. 1). The two upper-left red bands (same as in
Fig. 1) denote Earth orbit intersection over Earth’s 𝑒 variation, and the ex-
pected additional reach over +3 𝑅𝐻 (yellow highlight) is where longer-lived
metastable behavior is confirmed. The grayscale heatmap in the background
shows projections of the residence time probability distribution fromGreen-
street et al. (2012) for where NEOs are expected; the greyscale represents
the percentage of steady-state NEOs in each cell, with the white cell cor-
responding to zero (that is, there are no objects in this (𝑎, 𝑒) cell at any
𝐼 ).
simply members of the continuously-renewing Apollo and Amor
population in steady state. Recall that in NEO orbital classification,
Apollos have 𝑎 > 1 au but 𝑞 < 1.017 au, while the Amors have
1.017 au < 𝑞 < 1.3 au.
We retrieved all objects with 𝑎 ∼ (1, 1.2), 𝑒 < 0.1, 𝐼 < 6◦, and
condition code ≤ 5, from JPL Small-body Database2, producing
66 asteroids. Fig. 3 shows each NEO in (𝑎, 𝑒) and (𝑎, 𝐼) phase
space, using circles the radius of which corresponds to a roughly
estimated diameter from its 𝐻 magnitude. The boundaries of the
Earth–Mars belt on each panel are outlined with black rectangles.
Despite two objects falling into the rectangle in the (𝑎, 𝑒) space,
they are above the inclination range, and thus all known NEOs
are outside the stable Earth-Mars belt region that our integrations
demonstrate. (Note that our initial condition range was not chosen
2 The eight objects with 𝑎=1.2–1.3 au that satisfy the same 𝑒 and 𝑖 restric-
tions are, in our view, NEOs temporarily dropped to small 𝑒 and 𝑖 by the
secular resonances
based on the NEO distribution, which was only examined after our
integration.)
We directly integrated all these NEOs; our results indicate that
almost all have a very short stability lifetime3, far less than 1Myr. In
Figure 3, short-lived NEOs are colour-coded in red and almost all of
them are unsurprisingly located inside the Earth-intersecting zone
(red bands in 𝑎, 𝑒 space). Beyond this, one expects ametastable zone
extending another 3 Hill spheres (3𝑅𝐻 ' 0.03 au) where Earth’s
gravity is expected to be able to eventually pull particles into close
encounters. The orbital stability of known NEOs from their forward
integration well matches these simple considerations.
Only four NEOs have dynamical lifetimes longer than 10 Myr
and are marked by white crosses. The asteroid 2011 AA37 (dark
blue circle) has the longest lifetime, of '1.7 Gyr in our pure-gravity
integration, and sits at the outer boundary of Earth’s +3𝑅𝐻 zone
with a very low current 𝑒 ' 0.02 but 𝐼 ' 4◦. If there is any candidate
for a primordial object it would be this object, but with diameter
of order 100 m, this asteroid’s past and future dynamics are subject
to Yarkovsky drift (see next section). The light blue circle in Fig. 3
near the venusian 1:2 resonance marks the location of 2019 AP8.
Upon closer inspection of our integration, we find that it is this
resonance that causes the eccentricity to increase and eventually
leads to Earth crossing. This corroborates the causality between the
instability earlier detected at this semimajor axis (Fig. 1) and this
resonance. Lastly, the rightmost cross is (225312) 1996 XB27 and
is also the largest NEO known in this region. Although currently
far from Earth-crossing, it is situated outside the Earth-Mars belt
and is located in the ‘unstable region’ where our main integrations
showed that secular resonances destabilize orbits within tens of
million years. Nothing in this analysis of real NEOs is thus in
conflict with our early conclusions in Section 2.
Instead of looking at the future evolution of known NEOs,
a complementary viewpoint is provided by considering where the
locations in (𝑎, 𝑒, 𝐼) space NEOs are expected to reach after exit-
ing the main asteroid belt. The steady NEO flux is caused by the
continuous removal of asteroids from the main belt via resonances,
delivering them to planet-crossing orbits, some ofwhich reach semi-
major axes near the Earth–Mars belt. Previous studies (Bottke et al.
2002; Greenstreet et al. 2012; Granvik et al. 2018) have computed
which portions of orbital parameter space are visited by the NEOs
during this dynamical evolution.
To illustrate where these models (which are not based on in-
tegration of known real objects) predict NEOs would reach, we
used the NEOs orbital distribution model published by Greenstreet
et al. (2012), which compiled the fraction of the NEO steady state
population in 𝑎, 𝑒, 𝑖 cells of size 0.05 au × 0.02 × 2◦. Figure 3’s
background grayscale indicates the summed percentage of the time
steady-state NEOs spend in that portion of phase space (project-
ing all 𝐼 values onto the 𝑎, 𝑒 plane and all 𝑒 values into the 𝑎, 𝐼
plane). The known NEOs obviously all inhabit regions where the
orbital model shows have dynamics can deliver them to, making
it completely plausible that all these NEOs are recently delivered
small main-belt asteroids, the vast majority of which will remain
only briefly (< 1 Myr) near their current orbit. Unsurprisingly, the
Earth-intersecting orbital element space is more heavily occupied
by this continuously moving population. But NEOs can only reach
the high-𝑎 and low-𝑒 portion of the parameter space if resonances
assist in reducing 𝑒, which is the inverse of the process discussed
3 Here, we define the stability lifetime as the time until the object has a first
close encounter with a planet.
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above for the already low-𝑒 real NEOs and likely how these objects
reached their current orbits.
This analysis supports the idea that the small Earth–Mars belt
region is not effectively reached during NEO evolution. In fact, in
Fig. 3, the two cells that have 𝑎 = 1.10–1.15 au and 𝑒 < 0.04 are only
grey due to steady-state contributions with 𝐼 > 1◦. If we restrict to
𝐼 < 1◦ there are no steady-state NEOs in this 𝑎, 𝑒 range (like the
bottom right cell which also has an estimated fraction of zero).
Thus, the Earth–Mars belt is essentially unreachable by main-belt
visitors.
Because the known NEOs do not have a long dynamical life-
time, and because these NEO orbits are reachable from the main
belt, we think the 66 objects discussed here are very unlikely to be
primordial.
4 YARKOVSKY DRIFT
Given the extensiveness and depth of NEO surveys that would be
extremely sensitive to asteroids in the 𝑎 = 1.09–1.17 au, 𝑒 < 0.04
and 𝐼 < 1◦ Earth–Mars belt region, there is no chance there is
a substantial undiscovered population of > 100 m bodies. In any
case, even km-sized bodies would have their semimajor axes drift
substantially on Gyr time scales due to radiation pressure effects.
How large would a primordial object need to be to prevent it from
moving the width of the belt over the age of the Solar System?
The Yarkovsky effect is a force exerted on a rotating minor
body caused by the anisotropic emission of thermal photons. It sig-
nificantly alters the orbits of objects in the meter to ten-kilometer
size range, moving them either inward or outward depending on
the sense of rotation. The significant role that Yarkovsky plays in
meteoroid and NEO delivery has been reviewed by Bottke et al.
(2006). Slow Yarkovsky drift of semimajor axis delivers main-belt
asteroids to unstable resonance zones, which then deliver them to
Earth-crossing orbits. In a similar way, the Yarkovsky drift of pri-
mordial Earth–Mars belt asteroids could have pushed them either
into the unstable gaps opened by mean-motion resonances or be-
yond the belt’s boundaries. Therefore, the question we pose is:What
is the smallest asteroid size that will retain its stability for 4.5 Gyr
under the Yarkovsky effect at the Earth-Mars belt’s location?
Greenberg et al. (2020) reports detections of Yarkovsky drift
for 247 NEOs, which is the largest collection to date. Their study
covered a range of NEOs with various orbits, several of which
are near the Earth–Mars belt and can thus serve as references for
our estimation. In the assumption that the drift rate is unchanged
during the entire evolution, we extrapolate their Yarkovsky drift rate
measurements, in the unit of 〈𝑑𝑎/𝑑𝑡〉 ∼ 10−4 au/Myr, to give total
drift Δ𝑎 over the age of the Solar System.
Re-scaling the Yarkovsky drift rate expression in Greenberg
et al. (2020) results in the following equation for the 4.5 Gyr accu-
mulated Δ𝑎 drift:
Δ𝑎

4.5
= ±0.065 au
(
𝜉
0.1
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𝑎au
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𝐷
) (
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where 𝜉 is the Yarkovsky efficiency, 𝐷 and 𝜌 are the diameter and
density of the object, respectively. Figure 4 shows the magnitude
of the Δ𝑎 drift as a function of asteroid diameter, where lines in
different colour indicate different asteroid density. The calculation
assumes 𝑎 = 1.13 au, 𝑒 = 0, and 𝜉 = 0.12, where the latter is
the median value of all NEOs studied in the report. For reference,
the measured Yarkovsky drift for two NEOs are converted to the
total expected drift, and are shown in the figure as black crosses.
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Figure 4.The total semimajor axis driftΔ𝑎 over 4.5Gyr estimated for Earth–
Mars belt asteroids of different sizes under the assumption 𝜉 = 0.12. Three
straight lines represent different asteroid densities and two black crosses
mark the estimated extrapolated drift of the NEOs (474163) 1999 SO5 and
(452389) 2002 NW16, studied in Greenberg et al. (2020) and near the belt
region. Two horizontal dashed lines show total drifts of 0.05 au and 0.01 au.
Above Δ𝑎 = 0.05 au, almost all asteroids would eventually get removed by
the drift, whereas below Δ𝑎 = 0.01 au, most asteroids would remain stable
throughout the age of the Solar System.
It should be noted that this is an over-simplification, as the long-
term Yarkovsky drift for small-sized bodies cannot be modeled by
a constant drift rate, because obliquity, spin-rate, and 𝑎 changes all
alter the migration rate.
Unlike themain asteroid belt, which covers a broad orbital zone
between Mars and Jupiter, the region occupied by the hypothetical
Earth–Mars belt is comparatively narrow, with a width of merely
0.08 au (from 1.09 au to 1.17 au). Moreover, two unstable gaps
are present (Fig. 1), reducing the maximum distance over which an
asteroid could migrate while staying in the belt down to 0.05 au (be-
tween 1.09 au to 1.14 au). For this best-case scenario, Fig. 4 shows
that 𝐷 > 40 km is required (for a 3.5 g/cc object) for an asteroid to
remain in the belt over the age of the Solar System. Slightly smaller
asteroids with slower spin rates, particular obliquities, or spin-pole
reorientations due to collisions, could also survive. Altogether, we
confidently conclude that a lower size limit for a long-lived Earth–
Mars belt asteroid is ∼ 10 km. It is virtually certain that any object
with 𝑎 ' 1.1 au of this scale would already have been discovered
by NEO surveys, and thus we conclude that there are no primordial
Earth-Mars belt objects.
5 SUMMARY AND COSMOGONIC IMPLICATIONS
In summary, our work has shown that the previously identified
(Evans & Tabachnik 2002) Earth–Mars belt is only stable over
4.5 Gyr time scale over a restricted region: except for a small region
from 1.04–1.09 au where mean-motion resonances provide protec-
tion for a few objects, the region (which we thus now re-define as
the Earth–Mars belt) with 𝑒 < 0.04, 𝐼 < 1◦ and 𝑎 = 1.09 − 1.17 au
where about two thirds of the particles in the simulations survive.
This region could thus hold on to large primordial objects over the
age of the Solar System, and is nearly unreachable by the continu-
ous flux of NEOs from the main belt. We thus conclude that there
is another stable belt in our Solar System, but this stable belt is
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unoccupied today. For context, the roughly 10% fractional width in
semimajor axis of the stable part of the Earth–Mars belt is compa-
rable to the 4.5 au extent of the main Kuiper Belt at 45 au.
The fact that the stable Earth–Mars belt is devoid of large
asteroids provides some constraint on the end stage of terrestrial
planet formation. Our result indicates that by the time terrestrial
planets reached their current orbits and masses, at most a few 𝐷 >
100 km planetesimals could exist in the belt region4, or one should
find one today (smaller objects can be removed by the Yarkovsky
effect).
Because they focus on the final orbit distribution of fully
formed planets, studies that report on terrestrial planet simulations
rarely publish the (𝑎, 𝑒, 𝑖) distribution of the objects left over after
planet formation is largely complete. What is clear from published
models is that small bodies on circular coplanar orbits with 𝑎 = 1.1–
1.2 au are efficiently incorporated into the forming planets, and that
the rare survivors tend to have 𝑒 > 0.1 and thus also almost certainly
𝐼 > 1◦. Thus, while current modelingmakes it not surprising that no
large objects were in the Earth–Mars belt ' 4 Gyr ago, we suggest
this can be used as an additional constraint on the end states of such
models. In a broader perspective, this dearth of dynamically cold
primordial asteroids in the Earth–Mars belt connects well with the
nearby lack of stable Earth Trojan asteroids previously discussed,
whose primordial environment was similarly disruptive.
Lastly, we point out that it would be possible to place a man-
made object at 1.1 auwhichwould be dynamically stable formillions
of years with no need for station keeping. This is the closest such
highly-stable dynamical niche that would allow repeated returns (at
0.1 au distance) to Earth, with a synodic period of only a decade.
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